Plants employ dynamic molecular networks to control development in response to environmental changes, yet the underlying mechanisms are largely unknown. Here we report the identification of two rice leucine-rich repeat receptor-like kinases, Thermo-Sensitive Genic Male Sterile 10 (TMS10) and its close homolog TMS10-Like (TMS10L), which redundantly function in the maintenance of the tapetal cell layer and microspore/pollen viability under normal temperature conditions with TMS10 playing an essential role in higher temperatures (namely, 28°C). tms10 displays male sterility under high temperatures but male fertility under low temperatures, and the tms10 tms10l double mutant shows complete male sterility under both high and low temperatures. Biochemical and genetic assays indicate that the kinase activity conferred by the intracellular domain of TMS10 is essential for tapetal degeneration and male fertility under high temperatures. Furthermore, indica or japonica rice varieties that contain mutations in TMS10, created by genetic crosses or genome editing, also exhibit thermo-sensitive genic male sterility. These findings demonstrate that TMS10 and TMS10L act as a key switch in postmeiotic tapetal development and pollen development by buffering environmental temperature changes, providing insights into the molecular mechanisms by which plants develop phenotypic plasticity via genotype-environment temperature interaction. TMS10 may be used as a genetic resource for the development of hybrid seed production systems in crops.
Plants employ dynamic molecular networks to control development in response to environmental changes, yet the underlying mechanisms are largely unknown. Here we report the identification of two rice leucine-rich repeat receptor-like kinases, Thermo-Sensitive Genic Male Sterile 10 (TMS10) and its close homolog TMS10-Like (TMS10L), which redundantly function in the maintenance of the tapetal cell layer and microspore/pollen viability under normal temperature conditions with TMS10 playing an essential role in higher temperatures (namely, 28°C). tms10 displays male sterility under high temperatures but male fertility under low temperatures, and the tms10 tms10l double mutant shows complete male sterility under both high and low temperatures. Biochemical and genetic assays indicate that the kinase activity conferred by the intracellular domain of TMS10 is essential for tapetal degeneration and male fertility under high temperatures. Furthermore, indica or japonica rice varieties that contain mutations in TMS10, created by genetic crosses or genome editing, also exhibit thermo-sensitive genic male sterility. These findings demonstrate that TMS10 and TMS10L act as a key switch in postmeiotic tapetal development and pollen development by buffering environmental temperature changes, providing insights into the molecular mechanisms by which plants develop phenotypic plasticity via genotype-environment temperature interaction. TMS10 may be used as a genetic resource for the development of hybrid seed production systems in crops. temperature | receptor-like kinases | rice | male fertility | hybrid breeding A s sessile organisms, higher plants must adapt to changing environmental conditions via physiological and morphological responses. Uncovering how dynamic molecular networks control whole-plant morphology and physiology when encountering environmental changes is a key challenge in biology. Recently, H2A.Z nucleosomes were shown to act as conserved thermosensors from yeast to plants, which wrap DNA tightly and suppress gene transcription under low temperatures while decreasing their occupancy of the promoter regions of target genes to activate gene transcription as the temperature increases (1) . In addition, cyclic nucleotide-gated calcium channels were shown to be conserved land-plant thermosensors, which trigger heat-shock response via Ca 2+ influx through the plasma membrane in response to mild temperature increments and lead to transient thermotolerance against heat stress (2, 3) . The development of reproductive organs is crucial to crop yield, yet how plants sense and respond to temperature changes to maintain proper development of reproductive organs is poorly understood.
The anther is the male organ of higher plants and contains centrally localized meiotic cells (also called microsporocytes) surrounded by four somatic cell layers named the tapetum, middle layer, endothecium, and epidermis. During organogenesis, and anther formation in particular, higher plants need to mount complex and coordinated developmental and physiological events to overcome fluctuating environmental conditions (4). Notably, temperature changes such as heat stress frequently cause premature programmed cell death of the tapetum, resulting in partial or complete male sterility (5) . The mechanism underlying successful male reproductive development during these changes remains largely unknown. Investigations of several environmentally sensitive genic male sterile (EGMS) lines in rice (Oryza sativa) revealed that mutations within a long noncoding RNA (6, 7), a 21-nt phased small-interfering RNA (8), a 21-nt small RNA osa-smR5864w (9), an R2R3 MYB transcription regulator (10) , and an RNase Z S1 (11) can cause photoperiod-sensitive genic male sterility (PGMS) or thermosensitive genic male sterility (TGMS), traits that have been used in crop hybrid seed production (12) . For practical two-line hybrid rice breeding, a male sterility-fertility transition temperature range of 22-24°C for current TGMS lines is critical, and a higher sterility-fertility transition temperature than this temperature range may increase the risk of self-pollination of TGMS lines during hybrid seed production under fluctuating temperature conditions (9, 13) . Revealing molecular mechanisms underlying male reproductive development under changing environmental conditions will be useful for breeding programs.
Multicellular organisms such as plants frequently employ cellsurface-localized protein receptors to sense and transduce signals from cell to cell. One important class of such receptors is the leucine-rich repeat-receptor-like kinase (LRR-RLK), which typically consists of an extracellular domain for signal perception, a transmembrane domain, and a cytoplasmic kinase domain that transduces the signal through auto-and transphosphorylation (14, 15) . In plants, several LRR-RLKs have been shown to be crucial to plant growth, development, pathogen resistance, or cell death (16) (17) (18) (19) (20) . During early anther development, several LRR-RLKs from Arabidopsis thaliana, rice, and maize (Zea mays L.) are important Significance By affecting male fertility in crops, climate temperature change has a major impact on global food security. Here we show the role of two rice leucine-rich repeat-receptor-like kinases, TMS10 and TMS10L, which redundantly control male fertility under fluctuating temperatures. This finding provides insights into how plants overcome adversary temperature changes to achieve normal male fertility and a new genetic resource for crop hybrid seed production.
in determining the identity and number of tapetal cells and meiocytes (17, 20, 21) .
The tapetum is a somatic helper-cell layer next to the microsporocytes that secretes enzymes to help with the release of microspores from tetrads and provides nutrients for pollen development (22) . After meiosis, tapetal cells initiate programmed cell death (PCD)-driven degeneration, which is required for pollen grain maturation, as abnormal tapetal enlargement and premature or delayed degradation of tapetal cells frequently result in male sterility (23) . In this study, we report the discovery of two LRR-RLKs, TMS10 and TMS10L, which can redundantly operate in tapetal development, with TMS10 specifically preserving this functionality under moderately higher temperatures. tms10 displays male sterility under high temperatures (>24°C) due to defective tapetal development and male fertility under low temperatures (22-24°C) , and the tms10 tms10l double mutant shows complete male sterility under low temperatures as well. These findings provide insights into how plants overcome adverse temperature changes to ensure normal male reproductive development as well as a genetic resource for the potential establishment of a hybrid seed production system in crops.
Results
tms10 Is a Temperature-Sensitive Male Sterile Mutant. To identify regulators of rice male fertility during changing temperatures, we isolated a 60 Co γ-ray radiation-mutagenized TGMS mutant in ssp. japonica cv. 9522 for its complete male sterility at restrictive temperatures (>24°C) and named it thermo-sensitive genic male sterility 10 (tms10) because it was the 10th TGMS locus identified in rice (24) . Under high temperatures (25-32°C) in the paddy field during summer in Shanghai, tms10 and wild type (WT) exhibited normal vegetative growth and flower development (SI Appendix, Fig. S1 A-E). However, tms10 had white and smaller anthers that do not produce viable pollen grains, as revealed by I 2 -KI staining ( Fig. 1 A-E and SI Appendix, Fig. S1 F and G), and exhibited complete male sterility. Interestingly, under lower temperatures (22-24°C), male fertility in tms10 was partially recovered ( Fig. 1 A, C, D, and F). All F 1 progenies from reciprocal crosses (tms10 under high temperature as the pollen acceptor, and WT as the pollen donor) were fertile, which indicated that female development was completely normal in the mutant (SI Appendix, Fig. S1 H and I). The F 2 plants segregated as 95 male fertile and 35 male sterile (χ 2 = 0.256 for 3:1, P > 0.05) under high temperature conditions, suggesting that a single recessive mutation is responsible for the male sterile phenotype in tms10.
To examine whether both temperature and photoperiod impact male fertility in tms10, we treated mutants grown in the growth chamber with 12 different temperature-photoperiod combinations (SI Appendix, Table S1 ). Consistent with the field observations, at an average temperature of 23-24°C, tms10 was partially fertile while WT was fully fertile (SI Appendix, Fig. S1 K and L). When the average temperature was raised to 28°C, tms10 lacked viable pollen grains and was completely male sterile (SI Appendix, Fig.  S1K ). At high temperatures, tms10 was male sterile with no mature pollen formation under either long-day or short-day conditions, and treatments with various photoperiodic lengths had little effect on tms10's male fertility (SI Appendix, Fig. S1K ), suggesting that tms10 is sensitive to temperature changes but does not have an obvious response to photoperiod. Transverse section analysis demonstrated that, at an average temperature of 28°C, tms10 had enlarged tapetal cells and displayed aborted pollen development at stage 9 of anther development, after the microspores were released from the tetrads ( Fig. 1 G-I ). This suggested that the deficiency caused by the tms10 mutation occurs at the postmeiotic stage, a finding that differs from previously reported TGMS mutants such as tms5 and PA64S that showed defects during the formation of microspore mother cells (MMCs) (9, 11) . In support of this, 4′,6-diamidino-2-phenylindole staining for the observation of chromosome behaviors confirmed that tms10 had a normal meiotic process under 28°C, as evidenced by the normal formation of tetrads that each contained four young microspores (SI Appendix, Fig. S1J ).
Transmission electron microscopy (TEM) showed that, at stages 8b and 9, WT anthers formed tetrads, released the free microspores, and had a condensed and degenerated tapetal layer with abundant lipidic granules (Ubisch bodies) attached to their inner surface ( Fig. 1J and SI Appendix, Fig. S2 A, C, E, G, I, K, M, and O). In contrast, tapetal cells in tms10 exhibited no obvious degeneration and became highly vacuolated, containing no visible Ubisch bodies and showing a multinuclei cell cluster pattern at stages 8b and 9 under high temperature ( Fig. 1 K and L and SI Appendix, Fig. S2 D, H, L, and P). At these stages, microspores of tms10 seemed to develop normally, but lacked primexine, a structure of the template for pollen wall formation (SI Appendix, Fig. S2 B, F, J, and N). Further analysis using scanning electron microscope revealed that, under the average temperature of 28°C, tms10 had less wax and cutin deposition on anther epidermis, fewer Ubisch bodies on the inner surface of tapetal cells, and less accumulation of sporopollenin on the surface of microspores compared with the WT (SI Appendix, Fig. S2Q ). These observations suggested that the TMS10 gene product plays an essential role in both tapetal degeneration and pollen wall formation.
TMS10 Encodes an LRR-RLK Highly Expressed in the Anther. To clone the TMS10 gene, we collected 281 male sterile individuals from the F 2 mapping population by crossing the mutant with O. sativa ssp. indica cv. 9311. Map-based cloning revealed that the tms10 locus was located within three bacterial artificial chromosome clones on chromosome 2 ( Fig. 2A) . Sequence analysis revealed a 7-bp deletion in the fourth exon (Fig. 2B) (LOC_Os02g18320, annotated in www.gramene.org/), which caused a frame shift that resulted in the pretermination of protein translation (Fig. 2C ). To confirm the identity of this gene, we transformed the full-length genomic DNA of the putative TMS10 gene-which included its 3,031-bp native promoter, 5,804-bp coding region, and 400-bp 3′-untranslated region (UTR) (pTMS10::TMS10gDNA)-into the tms10 mutant for complementation. All 50 transgenic plants that expressed the putative TMS10 gene showed rescue of the mutant phenotype at 28°C ( Fig. 3 D and G), confirming that the mutation in LOC_Os02g18320 is responsible for the male sterile phenotype in tms10.
To understand the evolution of TMS10 in plants, we performed a phylogenetic analysis using the full-length TMS10 protein sequence and 43 homologous sequences retrieved from 10 plant species from public databases. TMS10 was found in a clade that contained both dicot and monocot proteins with no reported functions (26) ( Fig.  2E ), suggesting that TMS10 may play a conserved role in dicots and monocots during male reproduction. In addition to the TMS10 clade, members of the clade containing SERKs are known to be involved in brassinosteroid (BR) signaling, pathogen-related defense, or male organ development (27) (28) (29) (30) , and members in the NSP-INTERACTING KINASE (NIK) clade were reported to confer resistance to geminivirus infection (31) . Arabidopsis SERK1/2 (32, 33) and rice MULTIPLE SPOROCYTE 1 (MSP1) (25) were shown to specify tapetal cell identity, which differs from TMS10's obvious function in tapetal degeneration, suggesting that TMS10 evolved a new function in anther development after the function of MSP1 was established. These data implied that TMS10 functions in a pathway that controls the TGMS trait in rice and that this pathway may be conserved in monocots and dicots.
Reverse transcription-quantitative PCR (RT-qPCR) was conducted to analyze the spatiotemporal expression pattern of TMS10 and showed that TMS10 is expressed mainly in the early stages of anther and leaf development (SI Appendix, Fig. S3A ). In situ hybridization analysis revealed TMS10 expression in almost all layers of the anther wall and MMCs at stage 5. At stages 7 and 9, the transcripts of TMS10 were detectable in anther wall layers and MMCs/microspores and conjunction tissues, with particularly strong signals in tapetal cells (SI Appendix, Fig.  S4F ). Consistently, in tms10 lines complemented by pTMS10:: TMS10gDNA-GUS, β-glucuronidase (GUS) signals were detected in anthers from early anther primordium formation to stage 9 (SI Appendix, Fig. S4C ). Confocal microscopic analysis of tms10 lines complemented by pTMS10::TMS10gDNA-GFP also revealed TMS10 expression in both anther sac and conjunction tissues, but not in meiotic cells or microspores ( Fig. 2D and SI Appendix, Fig. S4G ). Inconsistent results in TMS10 transcripts were detected in MMCs/microspores by in situ assay, but the TMS10-GFP fused protein was undetectable in MMCs/microspores, which indicated that there might be some posttranscriptional regulation to inhibit TMS10 protein formation in MMCs/ microspores. Immunoblot analysis of the complemented tms10 lines that expressed pTMS10::TMS10gDNA-GFP or pTMS10:: TMS10gDNA-9×myc showed that the TMS10 protein level in these lines under 22°C had no obvious changes from that in plants under 28°C (SI Appendix, Fig. S4 D and E) . The observation that no obvious difference in TMS10 transcript (SI Appendix, Fig. S4 A and F) or protein levels (SI Appendix, Fig. S4 C-E and G) in anthers between plants grown at 22°C and 28°C suggested that TMS10 expression and protein accumulation were not significantly affected by the tested temperatures. The data indicating that TMS10 is expressed in anther tissue, particularly in tapetal cells, support the function of TMS10 in anther development. TMS10 encodes a 607-aa LRR-RLK (34) , which has four LRRs in its extracellular region, a single transmembrane domain, and a cytoplasmic region that contains the juxtamembrane, kinase, and C-terminal domains (Fig. 3A) . TMS10 is localized mainly to the plasma membrane, as demonstrated by confocal microscopic analysis of stably or transiently expressed TMS10-GFP fusion protein in rice anther, rice protoplasts, tobacco leaves, and onion epidermis cells ( Fig. 2D and SI Appendix, Fig. S3 B and C) . Furthermore, we compared the localization of transiently expressed TMS10-GFP in tobacco leaves under 22°C and 28°C and confirmed that the protein's plasma membrane localization was not affected by temperature changes (SI Appendix, Fig. S4B ).
To determine whether TMS10 has kinase activity, we used recombinant proteins that contained the TMS10 kinase domain (K), kinase with C-terminal domain (KC), and cytoplasmic region (JKC) to conduct in vitro kinase assays. JKC can phosphorylate a universal substrate, myelin basic protein (MBP), and this kinase activity is dependent on TMS10's juxtamembrane domain ( Fig. 3 A-C) . Sequence alignment showed that the kinase domain is highly conserved in TMS10 and its homologs in rice (TMS10L) and Arabidopsis (SI Appendix, Fig. S5A ). Mutation of K 312 (JKC K312E , mJKC), a conserved residue at the ATP-binding site, abolished the phosphorylation activity of TMS10 in vitro ( Fig. 3 A and B) , demonstrating the critical role of this conserved residue in TMS10's kinase activity. To test the biological significance of K 312 in TMS10, mTMS10-9×myc (pTMS10::TMS10gDNA K312E -9×myc) was introduced into tms10. TMS10-9×myc (pTMS10::TMS10gDNA-9×myc) can rescue anther fertility in tms10 under high temperature ( Fig. 3 E and H) . However, mTMS10-9×myc failed to rescue tms10's male sterility under high temperature in all 35 transgenic lines ( Fig. 3 F and I) , suggesting that the kinase activity of TMS10 is required for controlling tapetal function and pollen formation under high temperatures. Mass spectrometry (MS) analysis of bacterially expressed recombinant JKC and mJKC revealed that, of the 13 putative phosphorylation sites, T 392 , T 576 , Y 458 , and S 464 are auto-phosphorylated in recombinant JKC but not in mJKC (SI Appendix, Table S2 ), supporting the auto-phosphorylation of TMS10. These results suggest that K 312 and the juxtamembrane domain of TMS10 are essential for its kinase activity and that T 392 , T 576 , Y 458 , and S 464 are the potential phosphorylation sites for TMS10.
TMS10L and TMS10 Play Redundant Roles in Anther Development
Under Low Temperature. The rice genome has a close homolog of TMS10 within the TMS10 clade (TMS10L, LOC_Os03g49620, Fig. 2E ), which shares a similar domain structure and 88% amino acid sequence identity with TMS10. TMS10L has a predicted extracellular domain with four LRRs, one transmembrane domain, and an intracellular kinase domain that also contains the conserved ATP activation loop and especially the conserved K 310 (Figs. 3A and 4A and SI Appendix, Fig. S5A ). To determine the function of TMS10L, we used the CRISPR-Cas9 system to create two tms10l alleles that contain mutations within the second exon: tms10l-1 has a 17-bp deletion that leads to a pretranslational termination in the LRR domain, and tms10l-2 has an 18-bp deletion that causes a 6-aa deletion in the LRR domain (Fig. 4A) . The double mutants tms10 tms10l-1 and tms10 tms10l-2 were later generated by genetic crosses.
Both tms10l-1 and tms10l-2 showed normal fertility under high and low temperatures ( Fig. 4 B and C) . However, tms10 tms10l-1 and tms10 tms10l-2 double mutants were male sterile under both high and low temperatures ( Fig. 4 B and C) . Semithin section analysis confirmed that double mutants grown at 22°C had defective tapetal degeneration and collapsed microspores in anther development (SI Appendix, Fig. S6 ), suggesting that both TMS10 and TMS10L are involved in anther development under low temperatures. RT-qPCR analysis showed that, in WT anther at stages 8b and 9, TMS10L transcript levels were three-to -fivefold higher at 22°C than at 28°C (SI Appendix, Fig. S5C ), suggesting that TMS10L may play an important role in anther development under lower temperature. Additionally, in tms10 anthers, the mRNA levels of TMS10L were reduced at these two temperatures compared with the WT (SI Appendix, Fig. S5C ), implying that TMS10 affects the expression of TMS10L via a yetunknown pathway. Furthermore, transient expression analysis showed that TMS10L-YFP was located on plasma membrane in tobacco leaves under 28°C or 22°C (SI Appendix, Fig. S5D ), similar to that of TMS10-GFP, suggesting that the temperature change does not obviously affect the protein localization of both TMS10L and TMS10. Given that LRR-RLKs normally form dimers to perform their biological function (35, 36) , we tested whether TMS10 and TMS10L are able to form hetero-or homodimers. Our DUALmembrane yeast two-hybrid assays did not reveal interactions between TMS10 and TMS10L (SI Appendix, Fig. S5B ). Taken together, our data suggest that TMS10 and TMS10L may play redundant roles in anther development under low temperatures.
tms10 Is Applicable to Hybrid Seed Production in Both Indica and Japonica Rice Varieties. Previous studies showed that the same mutation in a noncoding RNA, named long-day-specific malefertility-associated RNA, caused different EGMS phenotypes in a different rice background, i.e., photoperiod-dependent male sterility in japonica cv. NK58S but thermal-dependent male sterility in indica cv. PA64S (7, 9) . To test whether the tms10 mutation can cause the TGMS trait in indica subspecies, the dominant subspecies used for current hybrid seed technology, we introduced the tms10 mutation to ssp. indica cv. HuangHuaZhan (HHZ). After twice backcrosses followed by three times self-pollinations, BC 2 F 4 plants containing the tms10 mutation and HHZ characteristics (i.e., longer palea and lemma) exhibited the TGMS trait (SI Appendix, Fig. S7 D-F) . Finally, we used the CRISPR-Cas9 genome-editing system to create mutations in the second exon of TMS10 in japonica cv. KY131 (37) and obtained four tms10 alleles (tms10-2/-3/-4/-5), all of which displayed the TGMS trait (SI Appendix, Fig. S7 A-C) . We thus concluded that tms10 has a consistent TGMS trait in both indica and japonica cultivars.
In past decades, PGMS and TGMS lines have been widely used for two-line hybrid breeding in rice (38) . To test the applicability of tms10-derived cultivars to two-line hybrid seed production, the male-sterile tms10 lines in cv. 9522 and HHZ backgrounds under high temperature conditions were, respectively, pollinated with pollen grains from a widely compatible restorer line JP69. The F 1 hybrid generation had an about 80% seed setting and displayed hybrid vigor, including increases in the number of tillers, grains per inflorescence, and 1,000-grain weight (SI Appendix, Fig. S7 G-P) .
These results together suggested that tms10 is a TGMS trait suitable for the development of hybrid rice seed production systems in both indica and japonica subspecies.
Discussion
Rice is cultivated in many countries. However, temperature has been a limiting factor in achieving high yield. Global climate warming generally has negative effects on the length of both vegetative and reproductive growth periods and on rice yield. Pollen formation is highly sensitive to temperature stress during flowering, which therefore poses a serious threat to current and long-term crop yields (3, 39, 40) . Our work identified two homologous LRR-RLKs, TMS10 and TMS10L, which appear to redundantly buffer the adverse effect of fluctuating temperatures on rice male development. TMS10 (but not TMS10L) is essential to the maintenance of normal male fertility under higher temperatures (i.e., 28°C), while TMS10L together with TMS10 may play an important role in male fertility control under lower temperatures. These findings provide an understanding of how plants develop male organs via genotype-environment temperature interactions.
The use of hybrid plants has significantly transformed agricultural practices and seed production in the past decades (12, 38) . In the efforts to increase crop yield, male sterility has played a central role in cytoplasmic male sterility (CMS) and photoperiod-sensitive/ thermosensitive genic male sterile (P/TGMS) in hybrid breeding programs (12, 38) . Compared with traditional CMS-based threeline hybrid breeding, two-line hybrid breeding is based on nuclear encoded genes, thus widening the choice of restorer lines in producing F 1 hybrids. Discovering new resources and mechanisms will provide additional tools to implement P/TGMS traits in hybrid seed production. To date, nine types of TGMS lines have been isolated, several of which have been widely used in two-line hybrid breeding (24) . For example, PA64S was shown to be caused by a nucleotide mutation in a 21-nt small RNA osa-smR5864w (9) . The TGMS line tms5 is controlled by a mutation in RNase Z S1 that is involved in Ub L40 mRNA degradation (11) . In this study, we identified tms10 mutation(s) as TGMS alleles and discovered that TMS10 encodes a LRR-RLK with its kinase activity essential for anther development and fertility under high environmental temperatures. Anther phenotypes start to show in tms10 after meiosis, and therefore at a stage later than that in tms5 (11), PA64S (9), or UGPase-suppressed lines (41) . TMS10 regulates tapetal degeneration and pollen development, which is different from previously reported LRR-RLKs that function in male reproduction, all of which are involved in tapetal cell identity specification during anther development (25, 31, 32) .
Our results suggested that, through its kinase activity, TMS10 plays a major role in tapetal cell degeneration and pollen formation under high temperatures. Due to functional redundancy, LRR-RLKs coordinately participate in many developmental processes. For example, AtSERK1 and AtSERK2 are functionally redundant in regulating early tapetal-layer formation in Arabidopsis (32, 33) , and their extracellular LRR domain has specific functions that cannot be replaced by that of AtSERK3 although the kinase domain of these three SERKs are interchangeable (42) . The observation that under low temperatures tms10 is male-fertile while tms10 tms10l is male-sterile prompts us to speculate that TMS10L functions redundantly with TMS10 under low temperature during anther development and pollen formation. LRR-RLKs normally dimerize to transphosphorylate (18, 35) . However, TMS10 and TMS10L do not interact directly in our assays, so whether and how they function together to regulate anther development under low temperature remains to be elucidated. In the BR signal transduction cascade, BR signal is perceived by the heterodimer of two LRR-RLKs, BR-INSENSITIVE1 (BRI1) that has 25 LRRs and its coreceptor BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1) that contains 5 LRRs (36, 43) . It will be exciting to reveal the partner(s) of TMS10 and/or TMS10L, which could be unknown LRR-RLKs with longer LRRs and capable of forming a heterodimer with TMS10 and/or TMS10L to transphosphorylate and magnify the signals in promoting tapetal PCD and normal pollen formation. Identifying components of the TMS10-and TMS10L-mediated signaling pathway in the thermosensitive control of rice male fertility will uncover how LRR-RLKs buffer the adverse effect of changing temperatures on male developmental programs in plants. Finally, the finding that tms10 confers the TGMS trait in both japonica and indica cultivars can help to widen the genetic resources for manipulating male fertility, a key factor in hybrid seed production.
Materials and Methods
Details of materials and methods are provided by SI Appendix, SI Materials and Methods, including plant materials and growth conditions, plasmid construction and transformation, phenotypic analysis of anther and GUS staining, phylogenetic analysis, RT-qPCR analysis, in situ hybridization, yeast two-hybrid (Y2H) assays, subcellular localization, protein expression, purification and immunoblot analysis, in vitro kinase assays, and MS analysis.
